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The barrier height to cation- and anion-induced nucleation to produce water and methanol droplets are
calculated by means of an umbrella-sampling Monte Carlo method. The computer simulation corroborates the century-old finding of Wilson that the anion is a better nucleator to produce water droplets than
the cation having the same magnitude of charge, even without the presence of external electric field. The
simulation also shows that the cation is a better nucleator to produce methanol droplets than the anion.
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measured rates of ion-induced nucleation have been
reported [13].
We used a recently developed small-ensemble umbrellasampling Monte Carlo (MC) method [22] to compute the
free energy of cluster formation and to determine barrier
height to ion-induced nucleation. This MC method is
based on the physical cluster theory [21]; namely, a supersaturated vapor is viewed as a mixture of physical clusters,
and a configuration of supersaturated vapor is described by
the cluster-size distribution 兵niw , nis 其, where niw and nis are
the number of clusters containing i molecules, and 0 and
1 ion, respectively.P The total number of ion-containing
clusters is Ns 苷 i苷0 nis . Since typically the density
of ions involved in the cloud-chamber experiments is
extremely low, it is reasonable to assume that a cluster
contains one ion at most. Intercluster interactions can
also be neglected [21,23]. Maximizing the partition
function of the supersaturated vapor gives
the most
w
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T is the temperature, miw 共piw 兲 and mis 共pis 兲 are the chemical
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partial pressure piw and pis , respectively, and qiw and qis are
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w
s
s
w
w
w
mw
mis 共pis 兲 苷 imw
i 共pi 兲 苷 im1 共p1 兲,
1 共p1 兲 1 m0 共 p0 兲,
w
w
s
s
s
s
and m1 共p1 兲 苷 m1 共p1 兲 2 m0 共p0 兲.
The free energy of cluster formation is defined as
DGis 苷 mis 共p1w 兲 2 ms0 共p1w 兲 2 im1w 共p1w 兲. Using the ideal
gas relations msi 共p1w 兲 苷 mis 共pis 兲 1 kB T lnn1w 兾nis and
ms0 共p1w 兲 苷 ms0 共p0s 兲 1 kB T lnn1w 兾n0s as well as the laws of
mass action, DGis can be given as

Nucleation of water vapor on ions plays an important
role in many atmospheric processes [1–4], e.g., generation of aerosols in the upper atmosphere and the formation of acid rain. Knowledge about prenucleation embryos
also has implications concerning the structure of ionic liquids [5]. It is now well known that ions promote water
vapor condensation, irrespective of the sign of ions. However, the asymmetry between water-positive-ion and waternegative-ion interactions can lead to ion-sign preference in
condensation of water. This phenomenon is known as the
sign preference [6–13].
In 1897, Wilson observed the dependence of the watercondensation rate on the sign of ions in the expansioncloud-chamber experiments [6]. He found negative ions
were more effective to produce a rain of water droplets in
the presence of an external electric field. Ninety years later
Rabeony and Mirabel reported that the sign preference of
water was not detectable [9] if the external electric field
was not applied. To date, the existence (or disappearance)
of the sign preference in the condensation of water without
the presence of an external electric field is still not fully
confirmed (see Ref. [13]).
Theoretically, prediction of the sign preference requires
knowledge of barrier height to cation- and anion-induced
condensation [14]. The classical theory of nucleation
[15,16] is unable to differentiate between the effects of
cation and anion on water condensation. Although the
thermodynamic model developed by Rusanov and Kuni
[17] can differentiate the sign preference, the obtained sign
effect is very sensitive to an input parameter. The modern
density-functional theory (DFT) of nucleation [18,19] does
predict a sign preference for simple dipolar molecules.
However, incorporation of molecular structures of
hydrogen-bond molecules in DFT requires many approximations [20] which render calculation of barrier to
nucleation semiquantitative. To accurately predict the
sign preference of hydrogen-bonding systems, a combined
molecular-theory/computer-simulation approach [21] is
called for. In this Letter, we report computer simulation
results of barrier to the cation- and anion-induced water
and methanol condensation in the absence of an external
electric field. We note that for methanol experimentally

In Eq. (2), imax is an upper bound of cluster size which is
used to constrain the supersaturated vapor into a metastable
equilibrium state; Ns can be viewed as a grand canonical
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TABLE I. Density (in units of 1026 Å23 ) of supersaturated and saturated (at 298.15 K) vapor,
supersaturation, magnitude of charge and size of model ions, and difference of free-energy
barrier for different water models.
Water model

r

r0 29

S 艐 r兾r0

q

s 共Å兲

d共kB T 兲

TIP4P
SPC/E
Dang-Chang

4.0
0.75
10.4

1.4
0.25
···

2.9
3.0
···

0.6e
1e
1e

4.75
8.0
4.75

24.96
21.06
25.82

d, that is, the barrier-height difference due to anion
and cation. Indeed, as shown in Table I, d is always
negative, regardless of the model of water (SPC/E, TIP4P,
Dang-Chang), the value of r, and the size and magnitude
of charge of cation and anion. This leads to the general
conclusion that water has a negative sign preference on
condensation.
Note also that the molecular difference between water
and methanol arises from the replacement of a hydrogen
atom by a methyl group. How does this replacement lead
to opposite sign preferences? An insightful explanation
has been given by Russell [33]. Russell argued that if
dipoles of water molecules on the surface of the droplet
have their negative ends out of the droplet, then a negative ion in the droplet will reinforce the orientation of
surface dipoles while a positive ion will reorient the surface dipoles. The latter will cause a higher free energy of
droplet formation. Based on this “oriented surface dipole”
argument, Russell attributed the opposite sign preference
of water and methanol to the opposite orientation of the water and methanol dipole on their own surface of droplet. It
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partition function. The probability of finding an ioncontaining cluster of size i, nis 兾Ns , can be evaluated by
combining the grand canonical ensemble MC method with
umbrella-sampling technique [22,23].
We employed the TIP4P model water [24] and OPLS
model methanol [25]. The model cation or anion is a
Lennard-Jones (LJ) sphere (with LJ parameters [26] e 苷
0.0014 kJ兾mol and s 苷 4.75 Å) containing a point charge
q 苷 0.6e. To assure that our final conclusion is model
independent, we also examined two other water models,
SPC/E [27] and Dang-Chang polarizable model [28], and
a model ion with a greater charge (see Table I). In the MC
simulation, the cation or anion was fixed at the center of the
simulation cell [30]. The cell radius r0 can be arbitrary, as
long as r0 is large enough so that the cluster-cell interaction
is negligible. For the given density of supersaturated vapor r (see Table I), we chose r0 苷 15 Å [31]. Molecules
were displaced, rotated, inserted, or removed according to
the rules of the grand canonical ensemble. The probability
distribution of the cluster of size i was obtained by averaging over frequency of appearance of the cluster in the
cell. The sampling of frequency was recorded in every
100 MC cycles. After 1 000 000 MC cycles, the simulation was stopped provided that the least frequent cluster in
each interval had been sampled 100 000 times.
In Figs. 1(a) and 1(b) the calculated free energy of cluster formation DGis 兾kB T is plotted as a function of i for a
supersaturated TIP4P water vapor at 298.15 K and OPLS
methanol (r 苷 0.4 3 1025 Å23 ) at 275.0 K. Results for
SPC/E and Dang-Chang polarizable water at 298.15 K
are shown in Figs. 1(c) and 1(d). The barrier height to
ⴱ
ⴱ
the cation- and anion-induced nucleation, DG1
and DG2
,
is given by the difference between the maximum and the
minimum on the curve. Figures 1(a), 1(c), and 1(d) clearly
ⴱ
show that the anion yields a lower barrier (DG2
) than
ⴱ
cation (DG1 ) for water, whereas Fig. 1(b) shows the opposite; namely, anion yields a higher barrier than cation
for methanol. Consequently, we conclude that water has a
negative sign preference, whereas methanol has a positive
sign preference. Note that the quantitative difference in
ⴱ
ⴱ
values of d ⬅ DG2
2 DG1
is mainly attributed to the
large difference in the equilibrium vapor densities r0
(much less in liquid densities) with different water models,
e.g., at T 苷 298.15 K (see Table I). Since the barrier
height is very sensitive to the supersaturation S or the
vapor-density ratio r兾r0 [32], what we have mainly
looked for is the universal qualitative trend in the quantity
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FIG. 1. Free energy of cluster formation DGis 兾kB T versus the
size of cluster i for (a) TIP4P water-0.6e ion cluster, (b) OPLS
methanol-0.6e ion cluster, (c) SPC/E water-1e ion cluster,
and (d) Dang-Chang polarizable water-1e ion cluster. Here
(1) and (2) denote the cation and anion-induced nucleation,
respectively.
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has been shown that Russell’s argument accounts nicely for
the sign preference of simple dipolar fluids [19]. However,
its applicability to small water clusters requires more careful examination because several computer simulations indicate that the location of anion in water cluster appears on
the surface, not at the center [4,34–36]. Moreover, there
were also reports that surface dipoles of water molecules
are not normal to but predominantly parallel with the surface of the cluster [37–39].
To gain more insight into the origin of the sign preference we analyzed structural characteristics of the prenucleation embryos. Figures 2(a)–2(d) display the atomic
density profiles about the cation or anion for TIP4P water and methanol cluster of size 30. Figures 2(a) and 2(b)
show that on the surface of ion-containing water cluster the
hydrogen density is always slightly higher than the oxygen
density, as in the case of pure water cluster [37,38]. However, because the hydrogen atom is much smaller than the
oxygen atom, the average anion-H distance is considerably
shorter than the average cation-O distance. This proximity of H to the anion yields more favorable ion-molecule
electrostatic interactions and hence results in a negative
sign preference of water. On the other hand, if an H atom
in H2 O is replaced by methyl group CH3 , the resulting
larger repulsive steric interactions would force the methyl
group to reside on the surface of methanol cluster [40],
irrespective of the sign of ion [see the density profile of
methyl group in Figs. 2(c) and 2(d)]. Although the average anion-H distance is still much shorter than the average
cation-O distance (as in the case of ion-water cluster) the
orientation of the methyl group is energetically more favor(a) cation−TIP4P water
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able, compared to the contribution of anion-H electrostatic
interaction. As a result, methanol exhibits a sign preference opposite to that of water.
The foregoing structural analysis of prenucleation
embryos suggests that the opposite sign preference of
water and methanol originates from a subtle competition
between the intermolecular steric interaction and ionmolecular electrostatic interaction. To confirm this view
we also examined energetic characteristics of the embryos. In Figs. 3(a) and 3(b) we plot the potential-energy
difference (per molecule) DU 苷 Uanion 2 Ucation versus
the size of embryos i, for TIP4P water and methanol,
respectively. The two contributions to DU, namely,
molecule-molecule interaction (DUmm ) and ion-molecule
interaction (DUim ), are also plotted as a function of
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FIG. 2. Atomic density profile about the cation or anion for the
prenucleation cluster of size 30: (a) cation-TIP4P water cluster,
(b) anion-TIP4P water cluster, (c) cation-methanol cluster, and
(d) anion-methanol cluster. The units of r and r共r兲 are Å and
Å23 , respectively.
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FIG. 3. The potential-energy difference DU 苷 Uanion 2
Ucation versus the size of cluster i for (a) TIP4P water;
(b) methanol. DU (thick solid line and diamonds) is a sum of
molecule-molecule interaction DUmm (solid line and circles)
and ion-molecule interaction DUim (solid line and squares). All
energies are divided by i, and in units of kJ兾mol.

VOLUME 86, NUMBER 22

PHYSICAL REVIEW LETTERS

cluster size. Indeed, DU is negative for water but positive
for methanol, giving other evidence of the opposite sign
preference for water and methanol. The absolute value
of DU, however, becomes smaller as the size of embryo
increases. Figures 3(a) and 3(b) also show that for water
the sign of DU is mainly controlled by DUiw , whereas
for methanol it is controlled by DUmm . This difference
in potential-energy contribution reinforces the view that
the sign preferences of hydrogen-bonding molecules
originate from a subtle competition between steric and
electrostatic interactions. In contrast, the sign preference
of simple nonpolar molecules (e.g., CS2 and CH4 ) is
mainly dictated by the bare ion-molecule interaction [41],
whereas the sign preference of simple anisotropic and
dipolar molecules is mainly controlled by the anisotropic
steric interaction [19].
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